relations. Data were obtained at baseline and at three atrial pacing rates (100, 120, 150 min'1). In addition, single-beat force-interval data were used to indirectly examine calcium cycling kinetics. LVH subjects demonstrated baseline diastolic abnormalities, including prolonged relaxation, elevated end-diastolic pressure, and reduced chamber compliance. However, systolic function was similar to that in control subjects. With rapid pacing, normal subjects displayed a positive contractile response, whereas this was markedly diminished in LVH subjects. With abrupt termination of pacing and return to slower sinus rhythm, LVH subjects displayed greater initial potentiation followed by a more rapid decline than control subjects, suggesting abnormalities of calcium handling. Despite contractile abnormalities, diastolic function did not further deteriorate with rapid pacing and thus did not appear to be tightly linked to the systolic changes. Conclusions. Pacing stress in intact human LVII can result in systolic impairment superimposed on preexisting but not worsened diastolic dysfunction. Abnormal calcium handling probably contributes prominently to this response. (Circulation. 1993;88[part 11:1893-1906.) KEY WORDs * pressure-volume relation * pacing * hemodynamics C linical left ventricular hypertrophy (LVH) is principally considered a disorder of diastolic function. Resting isovolumic relaxation is prolonged, early rapid filling is slowed, and chamber and myocardial stiffness are increased.'-4 These abnormalities in turn have been related to a variety of changes including altered calcium handling5-10 and collagen content."11 '2 In contrast to diastole, resting systolic function often appears normal or even supranormal in humans with LVH, and a similar variability has been found in animal models.5 '13-17 Both diastolic and systolic function of LVH hearts are reported to diminish at increased heart rate in intact each steady-state heart rate before repeat data collecnation of pacing (ie, return to normal sinus rhythm). This provided evaluation of potentiation (first beat after pacing cessation) and decay of potentiation (termed recirculation fraction).30,31 Variation in baseline heart rate, Mobitz I second-degree heart block at rapid rates in two patients, and occasional difficulty in maintaining steady pacing during simultaneous preload reduction prevented all data from being obtained in every patient at each heart rate. However, generally, 80% or more of subjects were represented at each rate.
The Postextrasystolic potentiation was assessed by examining the contractility of the first postpaced beat after cessation of atrial pacing. To minimize effects of simultile function was indexed by single-beat Bes (using the V. obtained during atrial pacing).
The rate of decay of potentiation after pacing cessation is thought to index the percent of calcium recycled through the sarcoplasmic reticulum,30,40 termed the recirculation fraction. After the initial postpacing potentiation, subsequent beats display a gradual geometric decline in contractility to baseline. Heart rate and Ved are nearly identical for these postpaced beats, allowing dP/dtm. to index contractile function.39 To obtain the recirculation fraction, the following parameter (Rn) was determined for the first 6 postpaced beats:
where the numerator and denominator are the values of dP/dtmax for beat n (n=1 to 6) (Fig 1A) , whereas Ees was used when hearts "ejected" into the computer-simulated vascular system (Fig 1, B and C Thus, there were no significant disparities in arterial load.
Relation Between Systolic and Diastolic Pacing-Induced Abnormalities Several of the proposed mechanisms for a blunted systolic response to heart rate in LVH closely link it to simultaneous worsening of diastolic properties.81419,22 In general, deterioration is evidenced by a marked increase in end-diastolic pressure or stress. To test for such interdependence in the present study, diastolic parameters were also examined (Fig 5 and Table 3 ).
Incremental pacing shortened diastolic filling period; thus, end-diastolic volume (Ved) fell with increased heart rate. Interestingly, and somewhat unexpectedly, this reduction was similar in both patient groups, suggesting that despite LVH, net chamber filling was not differentially compromised, at least up to heart rates near 150. End-diastolic pressure was elevated at baseline in the LVH group, and it remained so at all heart rates (P<.05). However, it did not disproportionately rise in the LVH subjects at faster rates. Similar results were found for chamber compliance, which remained significantly lower at each heart rate in the LVH group but demonstrated no change with pacing rate in either group. Analysis of mechanical restitution curves from both patient groups are provided in Table 4 (P=NS) . This is more than twice as fast as observed in isolated whole canine hearts32 and as much as 6 to 10 times as fast as that of isolated muscle. 33, 34 This suggests that Ca21 recycling is fast in both groups and is a less likely candidate to underlie the disparate contractile response to pacing. Discussion The primary goal of this study was to test whether the inotropic response to increased heart rate is blunted in dP/dt In the right-handpanel, dP/dt,,,,, 25 In decline of developed pressure primarily caused by a rise idy, the LVH force-frequency response in diastolic tension. The latter correlated with an ineven at such slower heart rates, whereas crease in measured intracellular calcium, and the aujects, a positive inotropic response was thors raised the possibility that calcium overload with suggests that the phenomenon has clin-LVH at rapid pacing rates simultaneously led to systolic as these are heart rates typically achieved and diastolic dysfunction. Similar simultaneous in- 
Study Limitations
Mechanics data are presented as chamber indexes (pressure-volume) rather than as estimated myocardial indexes (ie, stiffness or stress-strain). This was done because the echocardiographic data required to provide meaningful mass and wall geometry measurements were of inconsistent quality to provide precise numbers and were not obtained during preload reduction transients. However, since the study focused on relative changes within a given subject and wall mass and overall geometry were not acutely altered, the findings probably parallel those that would be obtained based on stress-strain calculations.
Left ventricular hypertrophy is recognized to be a heterogeneous disorder. The present study results are based on 10 patients, and while they all had substantial wall thickening, they no doubt represent a limited and mixed spectrum of disease. As noted above, there are some important differences between the present study subjects and those of prior human and animal model studies. For one, the present subjects were older and most presented with exertional or rest dyspnea and pulmonary congestion. Their pacing response may differ from younger subjects with genetic and asymmetric LVH. While several had a history of hypertension, there was no significant difference in arterial pressures between LVH and control subjects for the study. This is potentially an important difference when comparing these results with those from animal models using aortic banding, in which the baseline left ventricular pressures are often nearly twice those in the control group.14,19 Such marked pressure differences may contribute to worsened diastolic properties. 54 There are limitations to the volume catheter method for volume assessment that should be considered. Although prior studies have shown good linear correla-tions between conductance catheter signals and other measures, [55] [56] [57] there are concerns about potential nonlinearity to the signal.56-" However, this limitation was unlikely to have significantly influenced the results.
First, identical methods were used over similar volume ranges in both subject groups; thus, calibration errors would not underlie consistent disparities. Second, multiple measures of chamber systolic and diastolic performance were used, some dependent and others independent of volume signal calibration. For example, neither M,, or PWRmM/Ved are dependent on either catheter calibration gain or offset (they have units of mm Hg and mm Hg/s, respectively), yet their results were analogous to Ee,, which is volume dependent. Much of the pacing analysis compared each subject's response with their respective baseline, further reducing the effects of calibration error.
Conclusions
The principal new findings of the present investigation are that in subjects with significant symptomatic LVH, systolic contractile response to physiological heart rate increase is markedly diminished. Furthermore, this systolic deterioration does not necessarily require simultaneous worsening of diastolic abnormalities, specifically elevations in diastolic pressure or further decline in relaxation or compliance. Analysis of force-interval relations suggests that abnormalities in calcium entry and reuptake probably contribute to the observed pacing-induced systolic dysfunction. In contrast, slowing of mechanical restitution (overall calcium cycling time) does not appear to play a major role.
Loss of a rate-dependent systolic reserve in human LVH suggests an additional mechanism beyond gradient reduction and improved filling whereby rate control by j-blocker therapy would be efficacious. Future studies with this and other therapies, such as calcium channel blockade and chronic AV sequential pacing, will be needed to determine if this abnormality can indeed be improved.
